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Figure 3. INDUCED ABSORPTION AT VARIOUS
IRRADIATION LEVELS
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This study was to investigate the potential for short wavelength
generation through Raman up-conversion in UV-transmitting fibers.
The study resulted in three key achievements:

1. Identification of induced absorption in fused silica UV fibers
due to color center formation with the excimer laser at 193 nm.
This is the first time such color center formation has been

observed.

at several orders of magnitude lower powers than the

previously identified "brittle spot formation" optical damage
mechanism. A comparison was made of quartz fibers from several
vendors and of alternatives, such as liquid core fibers. No
better fibers appear available for UV transmission (except perhaps
single crystal fibers).

Optical bleaching to reverse the induced absorption was

observed
351 nm).

obtained.

by using a longer wavelength of the excimer laser (XeF at
A maximum recovery of 70% of initial transmission was
This is the first time that color center formation and

subsequent bleaching has been reported in UV-transmitting fibers.

2. Developament of new means to image single pulses from the
excimer laser, utilizing a phosphor to down-convert the image to
the visible, along with a conventional TV camera and

videorecorder. ,
3. Study of Raman up-conversion using excimer lasers. Comparison
was made of fibers vs. Raman resonators. Limited coherence length

because of the bandwidth spread of excimer lasers and
unavailability of low-mode-number UV fibers are reasons why the
Raman resonator appears to be a reasonable approach.
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STUDIES ON NONLINEAR MECHANISMS QF
EXCIMER LASER PROPAGATION IN FUSED SILICA FIBERS

I. EXECUTIVE SUMMARY

in the search for short wavelength sources, one possible
mechanism is “p-conversion using stimulated Raman scattering
(SRS) . Previous work at the Center for Laser Studies demonstrated
the longer wavelength Stokes shift using the excimer laser in UV
fibers [Rothshild and Abad, Opt. Lett. 8, 653 (1983)). These
results led to the suggestion of using SRS to cause stimulated
four-photon mixing and anti-Stokes frequency up-conversion into
even shorter wavelengths. This AFOSR program has been to
investigate this possibility.

The results of this study have been four-fold:

1. While Stimulated Raman Scattering produces
longer-wavelength Stokes light effectively in fibers. the
difficulty of fiber mode-matching as well as the broad band of
the excimer laser radiation increases the four-photon mixing
threshold to prohibitive levels. The coherence length
introduced by this laser bandwidth at 193 nm is less than S0
cm. which means that the fiber cannot provide the km of length
which have generated anti-stokes so successfully in the
visible. Iindeed. because inherent loss in UV fibers also
limits useful lengths to less than 50 ca, fibers have no
advantage over resonators. For this reason fibers may have a
limited poteatial for frequency up-conversion with excimer
Jasers, and we decided to explore the potential of Raman
resonators.

2. A few ligquids., highly transparent in the UV, have been
identified which may be incorporated in an external Raman
Resonator in order to create strong Stokes Raman light. This
Stokes light, resonated at the appropriate small
phase-matching angle, will generate anti-Stokes using
four-photon mixing with the UV excimer laser. Design
calculations show that short-wavelength generation by
four-photon mixing is possible using the 193 nm excimer laser.
Design calculations include quartz as well as the low-loss
liquids. water and acetonitrile. This {s the method we are
currently proposing for Raman wavelength up-conversion. We
identified acetonitrile and water from extensive measurements
of the UV transmissfon of liquids. Our original motivation
was to search for the possibility of a liquid core fiber.
Unfortunately all low-loss liquids have refractive index Jless
than fused silica. so that we have not been able to identify
UV-transmitting liquid core fibers.




3. At fluence levels which might be expected to cause
nonlinear effects in fused silica fibers. we have observed
that color center formation degrades transmission after
multiple shots. We have also shown that subsequent bleaching
with irradiation at longer wavelengths is possible. The
results will be submitted for publication in Applied Physics
Letters and presented at the Optical Society Annual Meeting.

4. In the pursuit of our experimental research it was
necessary to develop a means to measure two-dimensional images
of single 10 nsec pulsed excimer laser output far field
patterns. The only existent technology was very expensive UV
video tubes. two dimensional CCD arrays or very slow
photography. We developed a technique which used a phosphor
to down-convert the image to the visible which was then
recorded by a conventional TV camera and video-recorder.
Successive TV scans measured various levels of decreasing
fluoresence over a millisecond period. This allowed high
resolution images to be measured over at least four orders of
magnitude in dynamic range. The results were presented at
CLEO and published in Applied Optics.

The research supported under this two-year program has led to
three papers and a Master's thesis. The first paper was the
single-pulse imaging system., pubiished in Applied Optics. It is
attached as Section III of this report. The other two papers are
under preparation at the present time and describe the color
center formation and bleaching. Section Il is a compilation of
these results. This is the MS thesis work of Greg Hall.

Three talks have or will be presented covering work funded on
this AFOSR program. These are at CLEO, OSA annual meeting and
LEOS. Southern California Chapter. Table I outlines these
presentations and lists the personnel whose research was partially
funded by this progranm.

Section IV contains a short review of our inveatigation of
liquids for possible use in liquid core UV fibers. This work
identified water and acetonitrile as low loss UV transmitting
liquids. Section V contains the theoretical msodelling for
Stimulated Four-Photon Mixing in fibers and Raman resonators and
represents the basis on which we make recommendations to
discontinue research on upconversion in fibers and to concentrate
Raman resonators.




avlinalitn

w'—~v—q——~—~"'u g

Table I. Funded Personnel and Reports of Research
Personnel
Elsa Garmire, Principal Investigator
Katherine Liu. PhD Student: PhD still in progress
Greg Hall, MS student: MS granted, August, 1987

Theses Completed

MS Thesis entitled: "Studies of Color Center Formation and
Bleaching in UV Fibers using Excimer Lasers" by Greg Hall

Papers

1. K. Liu. M. Neudorffer, E. Garmire. "Technique for imaging
single UV laser pulses"” Applied Optics., 25, 2472, 1986.

2. G. Hall and E. Garmire, "Color Center Forsation and
Bleaching by Excimer Lasers in UV Fibers”". to be submitted to
Applied Physics Letters

3. G. Hall and E. Garmire, "“"Studies of UV Laser Transmission
in Pused Sillica Pibers” to be submitted to Applied Optics

Presentations

1. K. Liu, M. Neudorffer, E. Garmire, "Technique for imaging
single UV laser pulses”, CLEO. 1986

2. K. Liu. M. Neudorffer, E. Garmire, "Technique for imaging
single UV laser pulses”, LEOS, Southern California Chapter.
October., 1985

3. G. Hall and E. Garmire, "Color center formsation and
bleaching in UV-transamitting fibers". Opt. Soc. of Aa. Annual
Meeting, 1987




I1. COLOR CENTER PFPORMATION AND BLEACHING IN UV FIBERS
Greg Hall and Elsa Garmire

A. Introduction

In experiments on nonlinear effects in fused silica fibers
using ArF excimer lasers with wavelength of 193 nm, we observed a
transmission decay with time and identified this as due to color
center formation. This color center formation occurs at fluence
levels as much as two order of magnitude lower than those required
for catastrophic degradation ("brittle spot” formation [1]).

Color center formation occurs when the fused silica fibers are
irradiated with an ArF lasepr (wavelength = 193 nm) at fluences
ranging from 6 to 200 mJ/cm  per pulse.

The proof that these are color centers is obtained by
bleaching them. As a consequence of the meta-stable nature of
color centers. the induced absorption is reversible via bleaching
schemes [2]}. We report for the first time the optical bleaching
uf UV absorption bands resulting from UR irradiation damage in
fused silica fibers. This complements previous investigations
[3-5) in which high energy gamma rays produced bleachable
absorption bands in the visible to IR spectrunm.

In addition to these bleaching experiments, studies of color
center growth kinetics show that the data correlates with a simple

mathematical model. Two parameters, the absorption saturation
limit and the damage rate constant. characterize the fiber
performance. The dependence of these parameters on input fluence,

fiber length and manufacturer {s documented.
B. Experimental Procedure

The apparatus used to obtain induced absorption data was set
up to measure single-pulse transmission with variable input
fluence. Evidence of induced optical damage appeared as a
relative transmission drop during irradiation intervals.

The UV radiation source was a Lumonics K-261 multi-gas excimer
laser in the stable resonator configuration. Two different gas
mixtures were utilized: ArF. providing the damaging radiation at
a wavelength of 193 nm; and XeF, providing the bleaching light at
351 nm. When operating with ArF, the laser produced 10 ns pulses
at peak powers of > 1.4 MW. Coupling of the output beam to the
fiber was accomplished by three plano-convex quartz lenses. Two
silicon photo-diode detectors were employed. One, acting as a
reference detector., was located between the variable input
attenuator and the fiber input tip and monitored the input
fluence. The second. acting as the signal detector, monitored the




fluence emerging from the fiber. When calibrated. the ratio of
the detectors yielded the transmission information. Signals from
the detectors were fed into a two-channel oscilloscope and
recorded via videao equipment.

Samples from three different manufacturers were tested. All
were step-index, high OH-content, glass clad fibers with 200 pm
fused silica cores. The fibers with the best transmission. and

hence the ones used predoaminantly. were the SG-840 series provided
by SpecTran Corp. The cladding of these fibers was
fluorine-doped. Other fibers studied were the EOTec 301002 and
Diaguide ST-U200D-SY series, both with BR-doped claddings. Since
fused silica is very lossy at 192 nm (a 50 cm segment of SpecTran
fiber has a typical transmission of 20%), only short fiber samples
from 25 to 100 cm long were used. All absorption measurements
were taken on straight fibers, held in position by inserting into
thin glass capillaries. Surface quality of the tip was maintained
smooth and flat without polishing: the result of a clean fracture
when cleaving. Irradiation intervals were conducted at a rep rate
of 1 pps. and continued until the fiber's transmission dropped to
a terminal value. Spontaneous recovery tests were perforamed on
several samples with the result of no improvement in transmission
when left undisturbed for two hours in room lighting.

C. Theory

Photons at 193 nm have sufficient energy to interact with the
valence band of oxygen atoms. producing excitons, whose holes can
be trapped at potential wells associated with lattice defects.
When this trapping occurs, a color center is born. An absorption
band develops because the hole can either assume an excited state
or become completely ionized when interacting with incoming
photons. The ionization of a trapped hole is known as bleaching.
If the bleaching photon energy is below the exciton production
threshold. but has sufficient energy to ionize the trapped holes,
color center levels will drop and the fiber will experience at
least a partial recovery of its transmission.

Mathematically, induced absorption and color center growth are
proportional {2]. For the studies reported here we will use the
following fora:

A = A'll-exp(E/Bo)].

where A is the induced absorption (in dB), A is the absorption
saturation limit, E is the total fluence of aalaglng radiation,
and E_is the damage rate constant. This expression assumes only
one Isch!nlll for color center formation and the absense of
optically caused lattice defects. At higher fluences such lattice




defects can be created. leading to "brittle spot” formation [1].

When color centers already exist at the beginning of the
irradiation interval. the above equation is modified slightly to

A = As[l - Cexp(E/Eo)].

where C = 1 - N /N ; N 1is the pre-existing color center
population and ] is the color center saturation limit
proportional to ihe induced absorption saturation limit. This

equation is useful in the analysis of bleaching expriments.
D. Results

1. Induced Absorption :

When the first pulse of light is launched into a fiber. the
initial transmission, To. is established. It was found that T
varied substantjally from one fiber to the next. For example,
several 50 cm SpecTran fibers were irradiated at a fluence of 0.02
J/cm” per pulse. The average To was 20%, but varied from 2% to
40%, depending on sample. In spite of the disparity, all of these
fibers developed approximately the same fraction of induced
absorption. Typically the transmission dropped to a terminal
value of approximately 33% of the original transmission. A
typical value is shown in Figure 1. No spontaneous recovery of
transmission was observed.

2. OQOptical Bleaching

Figure 2 shows the data and theoretical curves for a
representative fiber during a bleaching experiment. In this
instance. a_50 cm long SpecTran fiber was irradiated at a fluence
of 20 mJ/cm  per pulse. During the pre-bleach interval a new
fiber sample was exposed to ArP radiation. causjing induced
absorption from color center formation. Saturation eventually
occurs because of the finite number of pre-existing lattice
defects at which color centers can fora. The bleaching interval
is represented by the vertical dsshed line, wherein a total
fluence of approximately 13 J/ca at 351 nm was delivered to the
fiber. Evidence of successfu]l bleaching is provided in the
post-bleach interval by re-irradiating the fiber at 193 nm and
noticing that the induced absorption has fallen from its
saturation value of 3.46 dB to 1.54 dB. a 55% reduction equivalent
to a transmission cecovery of 70X. Again, the induced absorption
follows a curve similar to the pre-bleach interval, saturating at
the same value.

3. Induced Absorption at Varied Irradiation Levels
For these studies all experimental parameters were held constant,
except for the input fluence per pulse: 50 cm lengths of SpecTran
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fiber were used. At each fluence level at least two fibers were
tested. By averaging the measurements, A and E_were determined
and a set of design curves was generated gs a way of averaging the
data. The results are hown in Figure 3. No induced absorption
was seen at the 2 mJ/cnm level, implying the existence of 3 color
center fosnafion threshold somewhere between 2 and 6 maJ/cm . At
200 mJ/cm” and above, occasional catastrophic damage occurred
where the transmission suddenly dropped to zero, persumably due to
brittle gpot damage as identified by Nevis [1]. When operating at
20 mJ/ca” and below. brigtle spot damage never appeared.
Apparently the 200 mJ ' cm” fluence level was near the brittle spot
threshold.

From our results it can be seen that the absorption saturation

limit, AS. increases with input fluence per pulse. Table II1.1.
shows the induced absorption parameters at different fluences
which were determined by fitting experimental data. Studies are

underway *., understi:d the reason for the increase in both As and
Eo with increasing fluence per pulse.

q. Induced Absorption at Varied Lengths

SpecTran fiber sslples were tested with fluence level held
constant at 20 mJ/cm  per pulse and the length varied. The
induced absorption parameters determined from these measurements
are shown in Table I1.2.

5. Induced Absorption of Selected Commercial Fibers

In addition to SpecTran fibers, both EOTec and Diaguide fibers
were tested. The results are shown in Table II.3. - The fibers
were cut to 50 cm lengths and irradiated at a fluence level of 20
mJ/cm  per pulse. At least two fibers of each brand were tested.
The parameters were determined by averaging the measurements and
were used to produce the design curves shown in Figure 4. Also of
{nterest is the fact that the average initial transmission of both
SpecTran and EOTec fibers was 20%, whereas Diaguide fibers had a
value of only 2%.

It is clear that the best performer is the SpecTran fiber. as
its damage level is more than two times less than the others. The
main difference between the different fibers is the type of
cladding. SpecTran fibers are F-doped whereas the other two are
BF-doped.

E. Conclusion
Evidence has been presented which identifies a class of
ultra-violet damage attributed to the presence of color centers in

fused silica fibers. Although an exhaustive study was not
performed it is believed that the same phenomenon exists at other

10
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TABLE 1

INDUCED ABSORPTION PARAMETERS AT DIFFERENT FLUENCES

de A, inssmred Eo
( wem®) (@) (g1
e ———————————————————
002 0 | -
006 2.82 141
01 4.10 172
02 431 2.96‘
2 7.78 981
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INDUCED ABSORPTION AT VARIOUS FIBER LENGTHS

TABLE 2

100

022

SG - 840 | F - doped caddng 431 296
EOTec Hgh O+~ fused slics

PN 301002 | B - doped ceaang | 20 ¥ 898 198
DIAGUDE | Hoh OH- fused elica 50
sr-umw-or | BE — doped claddg 2 % 107
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UV wavelengths., such as the KrF line at 248 nm. Color center
growth and bleaching studies at this wavelength would be
interesting, since Nevis has noticed a strong propensity towards
induced brittle spot damage in fibers irradiated at 248 nm. It is
also probable that a bleaching wavelength other than 351 nas
(perhaps XeCl at 308 nm) would have a higher recovery efficiency.
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Pulsed UV sources, such as excimer lasers, provide diffi-
cult requirements for an imaging system. Pulse intensity
and spatial profile variations from shot to shot require a large
dynamic range and high resolution in an imaging detector.
We have developed an inexpensive fluorescent imaging sys-
tem which uses the concept of an ordinary video camera and
video cassette recorder to record the decay of fluorescence
with time. The successive images on the VCR decrease in
intensity as the fluorescence decays, allowing the operator to
choose the optimum exposure. This provides over 1000
dynamic range with a spatial resolution measured to be
better than 25 um. This performance is comparable to com-
mercially available CCD arrays.

The use of fluorescent material to convert UV to visible for
UV imaging is common practice with the visible image typi-
cally recorded witha CCD array.'® The technique we devel-
oped offers a permanent record of images in real time which
is of considerable usefulness in medical and other applica-
tions of UV puised lasers. The UV image was converted to a
visible image by impinging on a semitransparent fluorescent
screen. A video camera focused to the back of the fluores-
cent screen provided real-time images. However, variability
in power from shot to shot and the relatively low dynamic
range of a video camera made proper exposure very difficult.
Therefore, a VCR was used to record the beam image of each
pulse via a series of scan frames. The decay of visible emis-
sion from the fluorescent material provided a graduated set
of exposures for successive scan frames on the videotape.
These frames could be played back immediately and stopped
on the frame with the proper exposure so that the beam
profile characteristics could be assessed in near real time.
Polaroid photographs of the videotape displays were made
when hard copies were needed.

The laser source used in our experiments was s 320-nm
beam from a doubled dye laser with an ~1-cm diameter and
energy of ~10-20 mJ in a pulse of 300-ns length. A glass
plate was spin-coated with a thin layer of fluorsscent paint

(DAYGLO pigments®) so that a visible image appeared in
fluorescence on the back side of the screen. Our experi-
ments were performed with a signal green and blaze orange
pigments. Based on the emission data for these pigments,
the signal green pigments provided the best match to the
video camera response curve, but the blaze orange has a
higher luminance, as shown in Fig. 1.%7 The datashown here
was taken with blaze orange. We have not made a careful
comparison of two in identical circumstances.

The decay time of the fluorescent paint was sufficiently
long to allow recording of many frames of different exposures
on the videotape for each pulse. The decay time (to 1/e) is
~55ms. The frame rate is 18.6 ms. Typical data are shown
in Fig. 2. The videotape could then be replayed by advanc-
ing the tape a single frame at a time, and the best exposure
could be selected.

The spatial resolution of the system was found to be better
than 25 um, as demonstrated in Fig. 3, which shows a Polar-
oid photograph of a video frame taken with 25-, B0-, and 125-
sm wires placed in the laser beam next to the fluorescent
film.

The dynamic range for the camera and fluorescent paint
combination, ie., for a single frame, was limited by the video
camera and estimated to be of the order of 10. However, the
simultaneous multiple exposures obtained in successive scan
frames with the VCR were >100. Together with the single-
frame range of 10, this provides an effective dynamic range of
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Fig. 1. (a) Emission spectra for DAYGLO signal green pigment.*

(b) Emission spectra for DAYGLO blaze orange pigment.* (c) Spec-
tral response characteristic for RCA TC1000 video camers.’

Fig. 2
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Representative scan (rames (rom single pules showing multiple sxposure settings that can be obtained with this technique.




Fig. 3. Image of wire grid used Lo determine detector resolution.

The far right pair of lines are 25-um gold wires. The center pair are

80-um hairs. The far jeft three wires are 185-um transformer
wires.

>1000. This aspect of the system can be seen in Fig. 2. which
shows how structure can be resoluble in one frame that is not
clear in another. The ultimate limit to the dynamic range is
given by halation of the video camera.

The linearity of the fluorescent screen was verified by
comparison with a power meter for incident pulse intensities
from ~3 to ~16 kW/cm?. The maximum power is limited by
damage to the fluorescent paint. which we observed at 1
MW/cm? The total number of bits is determined by the TV
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system at ~1.6 X 10% and the image area can easily be as large
as 8 X 10 cm.

The 25-um resolution and 1000 effective dynamic range
compare favorably to the best CCD arrays. But the imaging
area may be much bigger than that of CCDs. For example,
the Ford Aerospace and Communications Corp. 1024 x 1024
visible imager has a resolution of 17 um and dynamic range of
60 dBV (i.e., 107), but this CCD array has only ~2 X 2-cm
imaging area.

The work was funded in part by AFOSR.

References

1. C. I Coleman, “Image Detectors for the Ultraviolet,” Appl. Opt.
20, 36983 (19880).

2. N. Kristianpotler and D. Dutton, “Optical Properties of Liumo-
gen: & Phosphor for Wavelength Conversion.” Appl. Opt. 3, 287
(1964).

3. W. M. Burton and B. A. Powell, "“Fluorescence of Tetrapheny|-
butadiene in the Vacuum Ultraviolet,” Appl. Opt. 12, 87 (1973).

4. M. W. Cowens, M M. Blouke, T. Fairchild. and J. A. Westphal.
“Coronene and Liumogen as VUV Sensitive Costings for Si CCD
Imagers: a Comparison,” Appl. Opt. 19, 3727 (1980).

5. H. O. Pritchard, R. W. Nicholls, and A. Lakshmi, “Ultraviolet
Sensitization of Silicon Detectors for Space Astronomical Appli-
cations,” Appl. Opt. 18, 2085 (1979).

6. Day-Glo Technical Bulletin 2002. DAYGLQ i» a registered
trademark of Day-Glo Color Corp.

7. RCA TC1000 literature.

1 Auguet 1988 / Vol. 25, No. 15 / APPLIED OPTICS 2473




Iv. INVESTIGATION OF LIQUID CORE UV FIBERS
Katherine X. Liu and Elsa Garaire

Organic liquids have been preliminarily investigated for
possible use as a core material of UV-transmitting liquid fibers
for nonlinear interactions. We have found that some liquids are
usable for wavelengths of 249 nm and above from excimer lasers,
but none of them is suitable for 193 nm.

Organic liquids for possible candidates of UV liquid core
fibers have been examined with the help of chemists at USC. Table
1 lists a large number of liquids whose refractive indices are
larger than quartz at wavelength of 589 .3nm (1.4584) [(1]. We
chose a few liquids identified as the most likely for high UV
transaission, such as cyclohexanol., dimethylsulfoxide (DMSO),
1,2,.3-propanetriol (Glycol)., decahydronaphthalene (Decalin), and
measured their UV transmission curves. Figure 1 shows the result
of the measurements. Cyclohexanol was predicted to be the most
transparent in the UV according to the chemists' recommendations
using their knowledge of structure theory. The relatively large
UV loss may be because the sample was not purjified sufficiently.
It appears that none of these liquids will be transparent at 193
nm. Cyclohexanol and Glycol have 30% loss/cm at 249 nm (KrP).
DMSO has 20X loss/cm at 308 na (XeCl), and Decalin is usable at
350 nm (XeP).

Of those whose refractive indices are smaller than quartz,
acetonitrile was considered a good candidate. The UV transmission
measuremaent shows that the cutoff is almost 193 nm. In addition.
water has good UV transmission. These are all shown in Fig. 1.
However, the problea is that their refractive indices are lower
than quartz, and in order to have fibers we would have to look for
some other kind of material with lower refractive index to use as
the cladding to make a waveguide.

At this stage, organic liquids are not considered as a
suitable way to make UV liquid core fibers to observe stimulated
four-photon sixing (SFPM) for obtaining shorter wavelengths.
However, because of their high nonlinear susceptibility, it might
be possible to use either cyclohexanol or glycol as fiber cores at
249 nm to achieve stimulated Raman effect for obtaining frequency
tuning. In addition, straight capillaries of low index liquids
may have sujtable transmission.

Reference

1. Index data for organic compounds from, CRC Handbook of
Chemistry and Physics. Florida: CRC Press Inc.. 1986, E-370.
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INDEX OF REFRACTION OF ORGANIC COMPOUNDS

4-n-Propyl-S-ethyldioxane
1,2-Dichloro-2-methylpropane

] 2 Propyleneglycol sulfite

N- Mc(hy{ orpholine
1-Chloro-2-methyl-2-propanol
Eplchlorohydnn

Tncthylcnc lycol-mono-buly! ether
4-Ethyl-7 7'7 trimethyl-1-heptanol
1-Methyl- J-ethylocmn-l-ol
1-Ethyl-3-ethylhexan-1-ol

Diethyl maleate

1-Butanethiol

2-Chloroethanal

Dibutyl sebacate
1-Ethyl-3-ethyloctan-1-ol
Dimethylmaleate
3-Methylpentane-2,4-diol

Ethyl sulfide

Mesityl oxide

Butyl stcarate

1.2-Dichloroethane

Chloroform
trans-1,2-Dichloroethylene
Diethyleneglycol .
cis-1,2-Dichloroethylene
3-(a-Butyloctyl)-oxypropyl-1-amine
2-Methylmorpholine
Dipropyleneglycol-monoethyl ether
Formamide
3-Lauryloxypropyl-1-amine
Cyclohexanone
1-Aminopropan-1-ol
Dicthyleneglycol-mono-f3-oxypropyl ether
I-Amino-2-mecthylpentan-1-ol
Tctrahydrofurfural alcohol
2-Propylcyclohexa-l-one
2-Aminoethanol
2-Butylcyclohexan-1-one
Ethylenediamine
2-(f}-Methyl)-propylicyclohexan-1-one
4-Mecthylcyclohexanol
3-Methylcyclohexanol
bis-2-Chloroethyl ether
Cyclohexylamine

1,8-Cineol
2,2'-Dimethyl-2,2"-dipropyldieththanol amine
1.1.,2,2'-Tetramethyldiethanol amine
I-Aminopropan-3-ol

Carbon tetrachloride
3-Methyl-S-ethylheptan-2,4-diol
2-(}-Ethyl)-butylcyclohexan-1-one
2-Methylcyclohexanol
N-{n-Butyl)-diethano} amine
4,5-Chloro-1,3-dioxolanc-2
2-Butylcyclohexan-1-ol
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Compound

N-f-Oxypropyl inorpholine
2-(f-Ethyl)-hexylcyclohexanonc
2-Ethylcyclohexan-1-ol
Fluorobenzene

d-a-Pinene

l-a-Pinene

Cyclohexanol
m-Fluorotoluene
p-Fluorotoluene
trans-Decahydronaphthalenc
o-Fluorotoluene
3-Alloxy-2-oxypropylamine-1
Ethanol-1-methylisopropanol amine
d-Limonene
1,2,3-Trichloroisobutane
Decahydronaphthalene
1,2,3-Propanctriol
Trichloroethylene
N-f1-Oxyethylmorpholine
Dimethyisulfoxide
cis-Decahydronaphthalene
N-f1-Chlorallylmorpholine
n-Dodccyl-4-tertiarybutylphenyl ether
n-Dodccylphenyl ether
n-Dodecyl-4-methylphenyl ether
2-Ethylidene cyclohexanone
n-Butylbenzene

p-Cymene
iso-Propylbenzene
Furfuralcohol
tert-Butylcumene
n-Propylbenzene
sec-Butylbenzene
tert-Butylbenzene
Dibutyiphthalate
tert-Butyltoluene
1-Penyl-l-oxyphenylethane
n-Hexylcumene
n-Octyltoluene
n-Oclylcumene

p-Xylene
1,31-Diethylb=anzene
Ethylbenzene
1,3-Dimorpholylpropan-2-ol
1,12,2-Tetrachlosoethane
Toluene

Benzylethyl ether

m-Xylene

1,4-Diethylbenzene
2,3-Dichlorodioxane
Mesitylene

2-lodopropane

Benzene

.489
.490
.490
.490
.490

.491
491
1.492
1.492
492
.493
.493
.493
.493
.491
.494
.494
.495
.496
.496
497
497
.498
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V. INVESTIGATIONS TOWARD SHORT WAVELENGTH
ANTI-STOKES GENERATION BY STIMULATED FOUR-PHOTON MIXING
Katherine X. Liu and Elsa Garmire

Abstract

The possibility of stimulated four-photor mixing (SFPM) with
pump wavelength of UV 1n fused silica optical fibers has been
investigated theoretically. Phase matching by utilizing fiber
modes and fiber birefringence are both abtainable. However,
efficient four-photon interactions will be 1limited by the
avallability of single-mode and low-number-mode UV fibers.

Furthermore. the short coherence length of excimer lasers may, be
a problem for obtaining enough gain to observe large anti-Stoves
shifts, The alternative techrnology of a8 Raman resonator appears
to be a favorable technique for generating short wavelengtns.

I. Introduction

Four photon mixing 15 a nonlinear effect associated with the
term X< gD in the polarization exparsion (and 15 also called
three wave mix1ng). It 15 a process of parametric 1nteractionrs
of four photons (or three waves) with two photons from the pump
wave, one photon from the Stokes wave and one phaton from the
anti-Stokes wave. Under the assumption of no pump depletion and
significant Stokes amplification, Maxwell's Eguation for anti-
Stokes wave (neglecting the intemrnsity dependent phase modulation)
becomes (1]

3 2 . 2 " ~iab2 ,
1k E (A ) = — 2Hot(nc/A ) Rel(x M1 E (X )V E (A e 1

8z a’  a a (o I o s ' s
where apk = k., + ko - 2k,y ¥ 15 the wavevector and the subscripts
a, s and p denote anti-Stokes, Stokes and pump. The intensity 1n
anti-Stokes 1s therefore given by integration of Eg. (1) and has
the form

2 (2nc/A )z
nc
HO a _ 2 2 L R BN
I = ) J— R ) SR i ¢ ) (2
a ) = (Re( P Ip IS L sinc =

where n 1s the refractive 1ndex of the materrial amd L 15 the
interaction length.

The central problem in parametric four-photon interactions
is the conservation of momentum (phase matching), requiring
aklaV) = ko + Kk, - 2k, = O, where ,V 1s the frequency shift of
Stokes and the anti-Stokes from the pump. For generating anti-
Stokes wave in optical fibers, phase matching is achieved mainly
by using either waveguide modes or fiber birefringence to
compensate for the phase mismatch from the material dispersion
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A¥m.  Since gkwmlav) » O for fused silica in the UV range.
negative phase mismatch from other sources is needed. Another
important factor is the limitation introduced by a finite
bardwidth laser source and fiber imperfect:ions. The spread of
the frequencies of the pump laser and fluctuations in ¥ caused by
the variatiaons in fiber parameters lead to a finite coherence
length. The fiber length should be shorter than the coherence
lengtih for maximum parametric anti-Stokes output.

1I1. Phase matching using fiber modes
In an ordimnary circular optical fiber, apo% t1.e. effective
index) is determined by two factors, material dispersion and

waveguide dispersion. We have
k = k_ + k_ - & -k
& % a pl pe
n (A ) m [ N al (N n A
= 2w eff.e = '‘eff.a " a 'eff.pl p eff.nd ]
A A X X
S a p P
(3
with A = A /(1 = A _4aV) A= A /L v A _aV)
S P P a P P
and neff= N + ban ’
where b = (n ,.-nn) /41 15 the normalized propagation constart ard
AN 1S the index difference n. - n, with n = core 1nde~x, n. =
cladding index. Therefore,
acA ) nix ) encA )
S a

= - P

DS(AS) ba(Aa) bol(Ap) bpa(Ap)
+ BnAn C T + }a - Xp - )p ]

The first term is the material contribution ab.(aV) and the
second term is the waveguide contribution ,k.(aV). Phase
matching akm(aV) + akulaVY) = 0 can be achieved by using various
combinations of the fiber modes for the Stokes, anti-Stokes and
pump.

The possibility of phase matching has already been described
in the visible (21]. Fig. 1 shows a typical phase matching
diagram for a pump wavelength of 500 nm (3]. The curve
represents ak.(av) and the straight lines represent akwlaV) for
different combinations of modes. The intersections correspond to
the phase matching frequencies. 1t can be seen that different
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combinations will result 1n different phase matched frequency

shifts.

Prase matching from some particular mode combinationc for

pump wavelengths of 308 nm (XeCl),

were calculated with the assumptions of ,n = 0.02, a =
(fiber core radius) using the approximate solution of the

characteristic equation for the LP modes [4] and dispersion data
of fused silica [(3]. A few examples are shown in Table

table also shows the ccocherence length as described

The results show that phase matching by using lower fib

should be achievable. At frequency
vibrational enerqy levels (centered
si1lica, phase matching 1s possible.
Stokes outputs we would live to use
they are not currently commercially
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Table 1. Calculated results for phase match with fiber
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I11. Phase matching using birefringent fibers

Some fibers have birefringence, defined as &n = n - ©, .
with y and » denoting the slow and fast ax1s respectively. Phase
mismatch ak, (oY) 1is 1nduced by this fiber birefringence. TG
achieve phase matching Akm(AJ) + Akh(AJ) = O, the pump

polarization should be aligned with the slow axis and Stokes as
well as anti-Stokes polarization will be along the fast aris

(s1nce k., + k. > 2k, from material dispersion). This gives
N a an 4
e Y ); = a"(_".- + 7 — Y ) = n (9
a’ ytaY x < X x &n 5
s 3 p

Fiber birefringence may be obtained from intrinsic built-1n
birefringence {&]. bending-i1nduced birefringence (7], stress-
1nduced birefraingence (B] or temperature-i1nduced biretringencc

{9]. They all give a birefringence 1n the order of &n = 10O
Jsi1ng the appro-imation for material phase mismatch Akufa)) =
SrattatmdAT L 40 e maLe 2nr '(din/dA i Y T = (am A dn for
phase MatCching .- . .71 *+ ok (aV) = O,

Table 2 shows some calculated results for the frequencies
whilh result 1n phase match, based on the same fiber parameters
tan = 0,02 ard @ = 2.5 pmy with different values of birefringence
and useful wavelengths. The calculation 15 made under the
assumption of si1ngie mode birefringent fibers so that material
dispersion and birefringence are the only contributions to a%.

[f using multi:mocce fipers, the wavequide dispersion has to be
consi1gdered, which leads to a much more complicated si1tuation.

The easy ang effici1ent way *0 achieve stimulated four-photon
mi«1ng 1n birefringent fipers will depend on the availability of
si1ingle mode uv fibers, which are not commercially available at
thi1s time. +owever, 1t 15 still worth using multimode
birefrirgent fibers. especially employing bending-1nduced
birefringence because of the convenience of varying the
birefringence. Experimentally, we may achieve phase matching by
tuning the birefringence through varying the bending radius (101,

Table 2. Calculated results for phase match with fiber
birefringence

Ao tum) dn (x10 ™ A) tcm 1)
.308 1.0 278
.308 5.0 622
. 249 3.0 4353
L2u9 9.0 750
. 193 5.0 «58
.193 9.0 509
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IV. Coherence length

In stimulated four-photon parametric amplification, the gain
bandwidth is determined by the curve of anti-Stokes 1ntensity
vs. frequency shift,. If we use the pealk power and the center
frequency of the pump beam 1n the calculation of the phace
matching condition and compute the anti-Stokes ocutput 1ntensity,
we obtain the result of Eq. (2). However, the effective gain 1s
reduced when the pump linewidth 18 larger than the parametric
gain bandwidth. Thi1s 1s because frequencies other than the
center frequerncy within the linewidth violate the previous phase
matching condition. The effective gain has 1ts maximum value
anly when the pump linewidth 1s much narrower than the gain
tandwidth. A rule of thumb for the practical relationsbhip
between the gain bandwidth and the initial pump linewidth has
been described by R. H. Stolen and J. E. Bjorkholm, which leads
to a characteri1stic fiber length coherence length L {31, The
effective coherence length due to the finite linewidth of the
pump 15

2 di+rDAY] \ 2 -1
= . — Y ( ) )
Lo = 0 xam—gr—— ‘e’pn 42 3 ‘&

where dvp 1s the 1ni1tial pump linewidth, DAY = A (dfn,,,/dr ")
is the dispersion and 4Vv,.. i1s the phasematched frequency shift.
The material dispersion 1s the dominating mechanism. When the
fiber length 15 shorter than L., the pump linewidth 1s less than
the gain bandwidth. The gairn bandwidth of ant1-Stokes decreases
as the fiber length i1ncreases, which decreases the parametric
{ant1-Stokes) amplification. However. the Stokes gain bandwidth
basically does nmot change with the fiber length and the Stokes
intensity 1s proportional to L™, Thus, lorg fibers favor the
Raman Stokes amplification, Eq. (6) 18 a craiteri1on of choosing
the fiber length for achieving optimum anti1-Stokes generation.
The calculated results of L. are shown in Table 1 under the

assumption of dA,, = 4A, the }li1newidth which the LUMONICS excimer
lasers can achieve at 193 nm (ArF). For large frequency shift,
L. 1s small. This means that converting to short wavelength UV

will be difficult. The problem is whether the coherence length
is long enough that anti-Stokes would have enough gain to be
observed. To improve the situation, we need to narrow the pump
linewidth as much_ as possible.

In the derivation of the coherence length L., we take inrto
account both pk, from material dispersion, and also dispersion
from waveguide modes k... Even 1f we have ideal phase matchxn%
ak = pkm + sk = O for some mode combinations in perfect fibers,
we will still have the phase mismatch sk off center fregquency.
Without fluctuations and mode-mixing, transfer of power to anti-
Stokes will build up only for one coherence length. However,
fluctuations in k will occur due to the variations in fiber
radius and index difference, and cause mode mixing. This mixing
can cause the effective coherence length to be much larger than
what we calculated from Eq. (6). A factor aof hundreds in visible

b A

L----------------l--.--------‘-----------.—_____L -



—g—

stimulated four-photon mixing has been achieved (1113]. Therefore,
1t appears that anti-Stokes may be generated and evperience gain
even for L >> L. . Because of the umavailability of low mode UV
fibers we have been unable to pursue this approach.

V. Ant1-Stokes wave generated from a Raman resonator

Because of the urnavailability of low mode UV fibers, we
consider the alternative of a Raman resonator. In the process of
generating the anti-Stokes wave, the phase matching term in Eg.
(i) 1s actually e 1¢a" 7> Since in optig@l fibers, k.. V. % V.
are all aleng 7z axi1s , we could replace a,kez by pkz. In buld
material, we may choose ka, ks & kp notanicessarlly in the same
direction as z and we should use e ' ‘av =, 1f we can arrarge
?.. .., f“ 1n such way that 4Kk = 0, then the phase matching
condition will be satisfied. Fig. 2 shows a configuration for
the wave vector match i1n generating anti-Stoke wave. R, & R.. are
mirrcrs which form a Raman resanator for a stable establishment
of the Stokes wave. )

An 1mportant point here i1s to gererate the Stotes
oscillation 1n the Raman resonator. The threshold condition for
this 15 that the Raman gain 1s equal to the loss 1n the cavity.
Assume an optical beam [, starting at mirror R, . After a round
trip of travelling 1n the cavity, it becomes [... Then

gL -—x2l
I = 1 e 9 e (7)

where g 15 the gain, « is the loss, L 1s the length of the
resonator and L, is the length with Raman gain g.
Consideri1ng loss due to material absorption and mirror
transmission, we have
In(R_R )é
* = @ - 12 t8)
m C

where o, is the loss in the Raman medium, R, & R.. 15 the
reflectivity of mirror R, & R~ respectively. Then

(ng - umEL + In R R,) (%)

I.=1, e 12

a 1

For anti-Stokes generation, we need to arrange the beams
(pump, Stokes and anti-Stokes) with angles which would satisfy k.
+ % - @k, = O.

The candidates for materials working at 193 nm are quartz,
water and acetonitrile, Here, we take Quartz as an example to
estimate whether it is possible to build an oscillation i1n such a
resonator to generate the anti-Stokes wave.

For Raman scattering in quartz, the frequency shift AO with

as




Fig. 24 Resonator
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max. gain is ™~ 460 cm '. At A, = 173 nm,

‘kp' = 5.077 x 10 cm
|ksl = 5.132 x 10" cm '
lka' = 5.0283 % 107 cm™ !
To achieve phase matching ﬁ, + k., - Eﬁﬂ = 0, we need an angle

of ~ 0.795° between F,, & Kk, and ~ 0.813° between k,, and ¥...
The absorption coefficient «, for UV grade fused silica is
0.05 cm-t* [12], and the Raman gain coefficient for fused silica

at 193 nm 1is ™~ 2.8 x 10 ™ /I,, (cm/™Mw) (13). Choose R = R, = R. =
0.95 and L = 10 cm for the resonator. Raman gain length L, 1is
determined by the focal size of the pump beam and the angle
between the pump beam and the Stokes beam. Pump 1ntensity is
determined by the laser ocutput energy and focal spot size. If we
focus the beam to I mm diameter, we would have Ip ™~ 100 Mw/cm’
and Lg = 7 cm. Substituting the above numbers into Eq. (9), we
ocbtain

oL + IntRR.) 2= -1 - 0.05= - 0.15

m 1 2

and the threshold intensity

Ith A1) Mw/cm2
The numbers show that the threshold is not very high. The other
two candidates, water and acetonitrile, should have a stronger
Raman effect, but they also have higher absorption at 193 nm. On
the other hand, if we focus the beam more, water and acetonitrile
will be less likely to damage than quartz. Thus, at this point,
we don’t know which material will be more promising and plan to
try both quartz and liquids.
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Dr. Howard Schlossberg
AFOSR

Beolling AFB

Washington DC

Dear Howie:

Enclosed is our final report on the two-year program which you
funded. This work led to one MS thesis, three publications and
three public presentations. We believe that this represents
excellent results for the small level of funding. You will find
the technical results on color center formation in UV fibers
particularly interesting.

We are now hoping that we can obtain some funding from your
nonlinear optics program. This is urgent because several of our
small and short programs, including yours, have recently ended and
it is i1mperative that the students can receive additional support.

There are several possible projects which we want to carry out.
These are briefly outlined here, in order of our interest. Please
let us know which interest AFOSR, We need the program to begin in
this fiscal year, since otherwise at least one student will have
to be laid off.

1. NONLINEAR OPTICAL PROPERTIES OF WIDE BAND SEMICONDUCTORS

We propose to study the nonlinear optical properties (both
saturable absorption and nonlinear refractive index?) at the
bandgap of ZnSe/Z2n5Se multiple gquantum wells and single-crystal
GaN as well &8s polycrystalline In203, CdSnO4q and CdInz04. The
study will follow the general outline of our previous work in GaAs
and GaAs/GaAlAs multiple quantum wells which have shown sxtremely
large nonlinearities,. This means that measurements will be made
of both saturable absorption and the nonlinear index through the
use of nonlinear etalons. However, we will now be lcoking, for
the first time, at wide direct bandgap materials.

This idea has developed out of our current UV research on the
program which you funded and our ability to use stimulated Raman
effect to "tune” the wavelength of the excimer laser. Single
crystal materials will be provided by scientists at NTT (an




outgrowth of my trip to Japan last summer). They have provided us
with samples of both GaN and Z2nSe, in thin film and in waveguide
configurations, and have promiged whatever we need. Samples of
sputtered indium tin oxide and related compounds are being
provided by Kate Zachrewska, a visitor from Poland who studied
CdIn20q for her PhD thesis.

In a preliminary experiment on single crystal Z2nSe wavegquides
we observed absorption-induced optical bistability. While this is
not as interesting as electronic nonlinearities, it demonstrates
our ability to obtain these materials and to perform experiments
with them. Galley proofs of this work are enclosed.

We request that AFOSR fund s research project to understand
the electronic nonlinearities at the bandgap of such Z2nSe samples,
both as bulk and as strained-layer superlattices. The scientists
at NTT have promised to provide us with a continuing source of
material, including multiple gquantum wells, but we require funding
to perform the experiments. The flash-lamp-pumped dye laser which
you provided to the Center through Rothschild as PI will be an
ideal tunable source for these studies. Both etalons and
waveguides will be studied.

The scientific interest in ZnSe is the large energy separation
of the exciton from the bandedge (much larger than in GaAs) and
the expectation that the nonlinearities should be especially
large. Comparison of bulk ZnSe and multiple quantum wells should
vield similar information to that which has recently been obtained
in GaAs HMQW’s. NTT can also provide us with mixed crystals of
Z2nSSe, allowing us to tune the bandgap over some range.

A related study in Z2nSe will be the measurement of
electro-absorption., This effect, observed in I1II1-V’s, has led to
enhanced modulation near the bandgap and we expect similar results
in the II-V1’s,

A second major study will be the measurement of optical
nonlinearities in UV and near-UV direct-gap materaials. The first
investigations will be on single crystal GaN. Researchers at NTT
have provided this material. We have tried prelim:inary
experiments and found that our excimer laser does not match the
bandgap. However, stimulated Raman scatter ng, as studied in our
past grant from you, will provide a tunable source at exactly the
required wavelengths. This will be the first measurement of
optical nonlinearities in UV semiconductors.

The same experimental apparatus will be used to study the
sputtered thin films of transparent conductors, such as 1ITO, as
well as indium oxide, cadmium tin oxide, and cadmium indium oxide.
Nonlinear effects have never been investigsted in this important
class of transparent contacts.




This wide bandgap study is our firast proposal. The progran
outlined here can be completed by two graduate students, with some
fraction of my time and some assistance from Kachrewska; it should
cost on the order of $150,000 a year for three years. We already
have the lasers and only some diagnostic equipment is required to
support the efforts. The results would give the first information
on the nonlinear properties of wide bandgap semiconductors.

2. TWO-WAVE AND FOUR-WAVE MIXING IN SEMICONDUCTORS

We propose a basic study of photorefractive effects in GaAs,
InP and ZnSe in order to achieve the largest possible two-wave and
four-wave mixing. This is an outgrowth of a project we recently
completed in two-wave mixing and which is included in preprint
form. We showed in this paper that it is possible to use the
polarization properties of the zincblende structure to remove the
unwanted background.

In order for the photorefractive effect in semiconductors to
become important as a nonlinear mechanism, it 18 necessary to
achieve two-wave gain larcer than the inherent loss in the medium.
The result of a recent analysis is that this can be accomplished
by applying a moving grating to undoped, semi-insulating samples.
Operating near the bandgap will further enhance the
photorefractive effect. We propose to study and compare GaAs.
InP, semi-insulating GalnAsP grown in our laborstory, and ZnSe
provided by NTT.

The importance of this research 1s the fact that
photorefractivity is an energy-dependent effect which can be
ultra-fast, if excited by pulses, or ultra-slow 1f excited by weak
cw light. The effect can be switched on or off depending on the
optical configuration. Thus it makes a really controllable
nonlinearity. The ability to use semiconductors will have
tremendous implications for practical devices. The range of
materials which are avajilable to us and our new method of making
neasurements makes our research unigue.

The level of effort will be one student plus a small fraction
of another to provide materials plus some of my time. A level of
about 75,000 per year should be sufficient, plus enough capital
egquipment money to buy s diode-pumped YAG laser.

3. NONLINEAR EFFECTS IN GaAlAsP materials
We propose to grow our own thin films of GalnAsP by liquid

phase epitaxy and to measure the nonlinear properties of these
films over a wavelength range from 1.06 to 1.55 um.
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We have already demonstrated an ability to grow high quality
GalnAsP with a bandgap variable anywhere from 1.3 um to 1.06 unm.
This is the same apparatus we previously used to grow
semni-conductor lasers. I visited a laboratory in the Soviet Union
which has demonstrated high quality multiple quantum wells from
similar apparatus. We propose to grow such films in this program,
We have already recently demonstrated the ability to grow films
with a bandgap at 1.06 um and we have made prelimary measurements
of nonlinear optical properties in Schottky barriers, which will
be reported at OSA.

The use of GalnAsP has two main advantages. First, the
substrate is transparent so that nonlinear effects can be measured
directly without removing the substrate, as required for GaAs.
Secondly, the ease of growth means that multiple gquantum wells and
waveguide configurations can both be grown and compared to bulk
films. The liquid phase epitaxial technique allows considerable
flexibility for making samples which can be measured easily.

We have available 1.06 and 1.33 um Nd:YAG lasers. A color
center laser will provide the source at 1.55 um. We will use the
same experimental techniques we have used i1n measurements of GaAs.

The required level of effort 1s two students - one for the

sample preparation and the other for the measurements. This
should be at the rate of approximately 120,000 per year.

I certainly hope that one of these programs w:ill be of
interest to the Air Force. May we look forward toc your
suggestions? We can prepare a formal proposal in a matter of
days, as each program 18 already completely thought out.

Beat Regardas,

T A

Elmsa Garnmire
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Optical bistability and nonlinear switching due to increasing absorption
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Optical nonlinear switching and bistability due to increasing absorption have been observed in
single-crystal ZnSe waveguides with contrast ratios of 16/1 and switching times of 10 us at 15
mW of argon laser light. Switching energy is improved over the bulk by a factor of 200.

/
4

The dream of 4 low-threshold all-optical switching has
led to the recent exploration of a variety of guided-wave non-
linear devices, from nonlinear guided waves' and! prism cou-
plers” through directional couplers® to Fabry-Perot resona-
tors within guided waves.* At the same time several
researchers have reported bistability due to increasing ab-
sorption in a variety of materials such as amorphous GeSe.’
nSe.® CdS.” GaAs/GaAlAs multiple-quantum wells,* and
InSb ® We report here for the first time optical bistability and
nonlinear optical switching due to increasing absorption in a
7nSe single-crystal waveguide. This waveguide configura-
tion decreases the energy threshold by more than a factor of
200 over bulk results,® and we predict optimized threshold
switching power of less than a milliwatt. The advantage of
absorption-induced bistability 1s that it does not require a
Fabry-Perot resonator or phase-matching element; this
means that single-mode guides and careful control of the
input wavelengths are not required, unlike most other non-
linear guided switches. The switching times of 10 us that
were obtained are short enough to be useful for some appli-
cations, and predictions are that submicrosecond cperation
15 possible.

The waveguides were single-crystal ZnSe fitms grown
by metalorganic vapor phase epitaxy { MOVPE) on GaAs
substrates. The structures produced were either 8-um-thick
muitimode waveguides grown on 2-um ZnS, o Senq; clad-
dmglayers. or 2-um-thick antiwaveguides grown directly on
the GaAs substrate. The refractive index of the ZnSe wave-
puide laver is 2 72 and that of the claddingis2 70at 4 =03

y#m_The cladding provides a guiding dielectric discontinuity
tn confine the beam in the guiding layer. Planar waveguide
samples of length 530 and 830 um were used to investigate
histabihity and nonlinear switching and were compared to an
anhwaveguide sample of length 560 um. The samples were
mounted on a thin aluminum stud which was thermally iso-
lated from the holder.

Studies of optical switching were made using the 0.488-
umlineof the Ar* laser focused by a 40 x microscope objec-
tive into the waveguide layer. The light polarization and
guide geometry were such as to excite the TE mode in the
slab waveguide. We have used two different methods to
modulate the input to the waveguide. First, we used the first-
order Jiffracted beam from”an acousto-optic modulator to
control the peak power of the incident beam. and a chopper
was used to create a time evolution of the input to the wave-
guide. Second. we directly used the modulated first-order
diffracted beam from an acousto-optic modulator. The duty
cyvcle of the input in both cases was around | - to ensure that
there was no overall heating of the sample. We did nat see
any major differences in the output characteristics obtained
from the two different modulation methods. Duty cycles of
up 1o 4% did not change the switching characteristics. The
transmitted beam from the waveguide was imaged onto a
photodetector using a 20~ microscope objective. The inci-
dent and transmitted powers were monitored using conven-
tional Si photodiodes. A typical time trace of the incident
and transmitted beam intensity is shown m Fig. 1. The
threshold switching power into the waveguide, after correct-
ing for reflection and coupling losses, was 15 mW This s
considerably smaller than previously measured threshold
powers in bulk polycrystalline ZnSe.” As with all absorp-
non-induced bistability, increasing intensity causes the




transmission 10 switch from the high state to the low state.
Our measured on-switching times were around 10 us. At the
end of the pulse the device switches back to the high trans-
mission state in the thermal lifetime, measured here to be 20
us. This is 20 times faster than previously measured switch-
ing times in the bulk of polycrystalline ZnSe.® A typical ab-
sorption-induced bistability transfer curve obtained from
the ZnSe waveguide is shown in Fig. 2. '

According to our data the threshold switching power
did not depend on the sample length, as expected for absorp-
tion-induced bistability in the steady-state regime. What
does depen-t on length is the contrast ratio. We observed on-
off contrast ratios as large as 16/1 in the sample of length 830
um, while contrast ratios as large as 6/1 were observed in the
sample with length 530 um. These contrasts were measured
roughly 100 us after switching, long enough time to achieve
temperature uniformity in the direction of propagation. It is
thus possible to assume that the absorption coefficient of the
ZnSe waveguide before switching is a, and after switching is
a., the contrast ratio is given by

exp( —a,L)

exp( —a,l)
For the sample with the length of $30 um, a contrast ratio of
6/1 was measured. From this we can calculate

a,—a,=338cm™! (2)

and predict the contrast ratio of a sample of length 830 um as
16.5. This value agrees very well with the observed value
16/1.

To determine the attenuation constant of the propagat-
ing modes in the ZnSe waveguide, we compared the input-
output ratio of the guided-mode power for the two lengths
under low input pawer. We determined the low-power ab-
sorption coefficient of our waveguide sampletobe 7.5¢cm .
This data is consistent with the published data for bulk poly-
crystalline material.®* We measured the transmittance of the
fcusing microscope objective lens used in the experiment as
849% and calculated the reflectance at the interface between
air and the ZnSe surface as 21%. We calculated the coupling
efficiency from the focused Gaussian beam into the wave-
guide as 79%. Assuming these values we calculate a thresh-
old switching power of as little as |5 mW into the guide.

We observed similar optical switching and bistability
from the antiwaveguide sample. This means that the switch-
ing from high transmission state to low transmission state
observed in the ZnSe waveguide does not occur from driving
a waveguide nonlinearly through cutoff. Thus, we could
conclude that the observed optical bistability in the ZnSe
waveguide comes from the absorption-induced mechanism.
One advantage of the geometry reported here is that only a
single nonlinear mechanism was observed. This single-
mechanism switching can be differentrated from those
which involve nonlinear couplers” or resonant cavity wave-
guides.* The existence of only a single nonlinear mechanism
provides the most useful devices for system applications and
for basic studies.

=expl[(a, —a,)L]. (n

()

Since the cover of waveguide is air, we can neglect heat
transfer to the air. This means that the local temperature rise
in the waveguide is almost twice as high as that of bulk at the
same optical power density. Thus, the threshold switching
power in this waveguide will be twice as low as that of bulk
even without considering diffraction effects. Although the
threshold is apparently not length dependent, the waveguide
geometry allows considerable improvement in contrast ratio
at low input power levels by allowing use of relatively long
sample lengths withcut diffraction.

The other important advantage of the use of waveguides
is that by confining the light to a small spot, dramatic im-
provements in response time are possible. Use of strip-load-
ed channel waveguides will allow further improvements in
response time. A lower limit to the switch-off time can be
calculated from the thermal conduction time assuming a 8
um X 8 um channel.'®

=" _04us 3

4K
where p =527 g/em’, C, =035 J/g°C. K =0.18 W/
cm °C, and 7 = 4 um. Of course transient nonuniformities in
temperature over the length of the waveguide may affect the
contrast ratio. Further work is under way to investigate this,

Comparable nonlinear switches can be expected at 0.83
and 1.3 um wavelengths when suitable GaAlAs or GalnAsP
materials are chosen and étalon effects’ are eliminated. We
believe that these devices may play a useful role in future
integrated and fiber optical systems, even though the ther-
mal effects are on the order of a microsecond. The ability to
use cavityless multimode or single-mode waveguide geome-
tries, along with thresholds on the order of t mW and no
requirement on careful wavelength tuning of laser, input
coupler, or integrated optics interferometer, means that
these nonlinear devices can be compatible with inexpensive
semiconductor lasers.

This work was supported in part by the Office of Naval
Research and in part by the National Science Foundation.
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We report observation of a rotation in the polarization of the two photorefractive recording
beams in GaAs for a configuration with the internally generated space-charge field along the
(110) crystallographic orientation. This rotation is a result of simultaneous constructive and
destructive beam coupling in each beam for the optical electric field components along the two
electro-optically induced principal dielectric axes of the crystal. By turning one of the beams
on and off, the tntensity of the other beam after the crystal and a polarization analyzer can be
modulated by as much as 500%. This result is of particular importance for optical information

processing applications.

In the past few years, the phatorefractive effect has been
demonstrated in various semi-insulating semiconductors
such as undoped GaAs,' GaAs:Cr, InP:Fe,” and CdTe.? Re-
cently, GaAs has been shown to possess picosecond response
times in the near infrared resulting from its large carrier
mobulities.* Although these semiconductors are very sensi-
tive, their electro-optic coeflicients are relatively small.
Therefore, large two-beam coupling coeflicients and hence
sizeable energy.transfers between the two beams have not
been feasible in these materials. In a S-mm-thick GaAscrys-
tal, 10-20%» change in beam intensity is typically possible by
photorefractive energy transfer.':* Larger intensity modula.
tions (up to 50%) have been observed by application of an
external electric field to the sample.® By utilizing the polar-
izatton properties of photorefractive recording in
Bi,, SiO,, ( BSQ), Herriau et al.” have demonstrated an in-
crease in the contrast of images created by photorefractive
two-wave mixing. In this letter we describe the polanzation
properties of beam coupling in 43m crystals such as GaAs. It
is found that under certain conditions the photorefractive
effect may result in a rotation of the polanzation of the two
recording beams. This makes it possible to use an analyzer to
suppress the large unwanted dc portion of the signal beam.
Consequently, for the first time, large modulation
{ > 500%) of beam intensities can be obtained in photore-
fractive semiconductors.

Figure | illustrates the essential features of the experi-
mental condition. A signal beam of intensity /¢ and a refer-
ence beam of intensity /, polarized along the (001) crystal
onentation intersect in the crystal with an interference vec-
tor A'; along the (110) crystallographic axis. The internally
generated space-charge electric field is also along this direc-

tion. Figure 2 shows the resulting principal dielectric axesin
the material through the r,, electro-optic tensor element for
such a space-charge field. The electric field vector of the
incident beams can be decomposed into equal components
along these two axes. The refractive index change in the ma-
terial for the two components, £, and £,, 15 given by
An,, = + 172 n} ry E., where n, is the background re-
fractive index of the material, r,, is the effective electro-optic
coefficient, and E,. is the internally generated space-charge
field. These two components experience two different grat-
ings with equal modulation depth and 180 spatial phase dif-
ference. In the absence of an externally applied electric ficld,
these photorefractive index gratings are 90° out of phase with
the interference pattern. Since the relative position of the
index grating with respect to the interference pattern deter-
mines the direction of beam coupling, the two polarization
components couple optical energy in opposite directions.
Signal beam amplification in two-beam coupling is common-
ly defined as the ratio /5 (with reference beam present v/ 1
(without reference beam present). For the two polanza-
tions, this ratio, the effective gain, is given by"
oo +ﬂ)cxp(_r_,__d_)‘ o
T'e = 1+ LBexp(l’, d) '
where 3 = I, /1, isthe ratio of the intensities of the incom-
ing beams and d is the thickness of the crystal. The coupling
coeflicient for the two polatizations can be writlen as”
[, = + nr, & where§dependson various fundamental
material properties and experimental conditic s such as the
angle between the two heams. In traveling through the crys-
tal, one of the components of the electric licld vector of the
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amphfication) while the other component suilers loss. Fig-
ure 2 shows the two electric field components of the signal
beam into and out of the crystal. Due to the increase of one of
the components, and the decrease in the other, the electric
field vectors of the two writing beams are slightly rotated.
The rotation of the polarization for the two beams is in oppo-
site directions. )

The inset in Fig. 3 shows the intensity of the signal beam
transmitted through the crystal and an analyzer as a func-
tion of the analyzer angle near the transmission minimum
point with and without the reference beam, where ¥ is the
angle of rotation due to the presence of the reference beam.
The transmitted intensity /, can be written as

I+ = I, exp( —ad)sin’(6 + ¢), (2)

where @ is as described in Fig. 2 and a is the absorption
coefficient of the crystal. The angle ¢ is defined as zero with-
out the reference beam present, and in the presence of the
reference beam, ¢ is equal to ¥, the angle of photorefractive
rotation described above.

The two electric field components of the signal beam

after the sample are £, (with I, ) =y, E, (without
IR‘_'), and E, (with I, ) = Jy. E,. (without Ig. ). From
Fig. 2 it can be seen that the rotation angle

v=45—tan"'(Vy_/7v. ). (3)

Thearrowsin the inset in Fig. 3 show the change in transmit-
ted intensity /- with and without the reference beam for two
arbitrary analyzer angles. We define the modulation of the
transmitted beam, m = A/, /1, (whentherefetence beamn is
not present). Using Eq. (2) this ratio is given by

m = [sin’(8 + ¢) —sin’(6)]/sin*(8) . (4)

Note that this relation is independent of the absorption coef-
fictent of the material.

The material used in this experiment was a 5.3-mm-
thick . semi-insulating liquid encapsulated Czochralski
{LEC) grown, undoped GaAs sample. The photoconduc-
tive trap sites in undoped GaAs are believed to be stoichiom-
etry-related EL2 centers."'” In this experiment no external
field was applied to the crystal. The output beam froma 1.7-
mW HeNe laser operating at 1.15 um was split into two
beams such that the bisector of the angle between them (86°
outside the crystal) was perpendicular to the crystal surface
asshownin Fig. 1. The resulting grating period of 0.84 zmis
near the optimum value for beam coupling in this sample.
The total incident intensity on the crystal was 30 mW /cm?.
The value of the coupling coefficient, [ _ , was measured
experimentally to be equal to 0.2 cm ~* for the K ||(001)
case in the same crystal without an analyzer, under other-
wise equal experimental conditions. This orientation which
is normally used in beam coupling experiments utilizes only
one principal dielectric axis and therefore produces a mea-
surable value for ([T, |. Applying this value to Eqs. (1) and
(3), the rotation angle for the A || (1 l())»l[‘%)rienm(ion was
calculated for two beam ratios. For /7 = |, the rotation angle
V=153, while for /3 =006, the angle incrcases to
¢ = 31.03° Plots of Eq. (4) using these values of ¢ are shown
in Fig. 3. Figure 3 also shows the experimental dataof masa
function of the analyzer angle (defined in Fig. 2) for the two

beamn ratios in the A, {|(110) configurauon. In this figure,
zero degree corresponds to an anaiyzer position along the
(110) crystal axis and is therefore a point of minimum trans-
mission. Without the analyzer no energy transfer from one
beam to another was detected. In both cases the theoretical
fit to the experimental data is very good.

Figure 4 shows an oscilloscope trace of the output of the
signal beam detector. The lower trace is obtained by block-
ing both of the beams belore the crystal and represents the
background level. The upper trace shows the result of un-
blocking the signal and then both of the beams. In the pres-
ence of the reference beam, the transmitted intensity /; rises
with a characteristic built-up time of the photorefractive ef-
fect to a maximum value. Upon blocking the reference beam,
this intensity drops to its original value. The experimental
modulation of 500% was limited by the finite extinction ra-
tio of the analyzer.

Suppression of the dc background in the system de-
scribed above ollers promise for image processing and other
information processing applications requiring large contrast
ratios. The higher contrast ratio is, however, achieved at the
price of a drop in overall transmission. Taking absorption of
the crystal into account. the/og)slate transmitted intensity
shown in Fig. 4 was 0.45¢ of I . “oOW"

The analysis described above is valid for all photorefrac-
tive materials with electro-optic tensor matrices similar to
GaAs (43m crystallographic symmetry). Materials with 23
crystal symmetry such as BSO have similar matrix elements.
Incoherent to coherent conversion of images via four-wave
mixing in BSO has been demanstrated by Shi et al.'! Com-
parable results using the polanization rotation properties in
two-wave mixing can be achieved in GaAs. Two wave mix-
ing provides a more flexible and simpler method of inple-
menting this device than four-wave nuxing Furthermore,
since both positive and negative intensity modulations are
possible by rotation of the analyzer, positive and negative
images are avatlable with this device. The ratation of the
polarization can be further enhanced by increasing the cou-
pling coefficient, such as by application of an external field
or using moving grating technques.

The work described in this letter was carried out jointly
at the University of Southern California and the Jet Propul-
sion Laboratory, California Institute of Technology. The
work at the Jet Propulsion Laboratory under agreements
with the National Acronautics and Space Administration,
was supported by Caltech President’s Fund and the Defense
Advanced Research Projects Agency. The work at the Cen-
ter for Laser Studies was partially supported by the National
Science Foundation and the Army Research Office.
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